Local CBF (LCBF) and local partition coeffi cients (LA) were measured by xenon-enhanced computed tomography among 15 patients with remote cerebral trauma resulting from severe head injury. Results were compared with similar measures among age-matched nor mal volunteers (N = 20). The patients were divided into two groups according to different outcomes based on se rial cognitive testing: Group I (N = 10) improved but Group D (N = 5) deteriorated throughout a mean interval of 10 years of follow-up. Initial LCBF measurements were performed at mean intervals of 6.8 years after in jury. Cortical LCBF values were decreased in frontal (p < 0.01) and temporal (p < 0.05) regions among both groups, but only in Group D were flow values decreased in putamen and thalamus (p < 0.05). LA values were re duced in frontotemporal cortex among both groups but in
the thalamus only among Group D (p < 0.05). Mean white matter flow values were normal in Group I but were re duced in Group D (p < 0.05). Mean partition coefficients for white matter were reduced in both groups (p < 0.01) but were lower in Group D (p < 0.05). Reduced perfusion of frontotemporal gray matter is consonant with neuro pathological reports following severe brain trauma of neu ronal atrophy, gliosis, and infarction affecting these regions. Group comparisons between patients who cog nitive1y improved versus those that deteriorated demon strate an association between reductions of CBF in puta men, thalamus and subcortical white matter and im paired cognition after severe head injury. Key Words: Brain trauma-Cerebral blood flow-Cognitive func tion-Partition coefficients.
the problem of the long-term outcome of cognitive deficits arising from head trauma. Behavioral and cognitive changes occur in at least two-thirds of pa tients suffering from severe head injury (Jennett et aI., 1981) . Available information concerning the long-term prognosis of cognitive performance cor related with cerebral perfusion after severe head injury is limited (Barclay et aI., 1985) , although a number of reports are available concerning short term effects of head injury on cerebral perfusion (Brodersen and Jorgensen, 1974; Langfitt et aI., 1977; Obrist et aI., 1979) .
The present study was designed to clarify these issues by measures of local CBF (LCBF), local par tition coefficient (Lx') , and cognitive test perfor mance among a group of patients with chronic head injury, followed longitudinally for a mean interval of 10 years. Results will be reported comparing groups of age-matched normal volunteers versus patients that cognitively improved and those that deteriorated.
METHODS

Patients and volunteers
Fifteen patients with chronic head injury underwent three-dimensional measurements of LCBF by xenon enhanced computed tomography (CT). They are part of a larger group that has been followed for 10 years by this laboratory with longitudinal, two-dimensional studies of 133Xe measurements of cerebral perfusion that have been shown to correlate well with neurological and cognitive outcomes (Terayama et aI., 1990) .
The subgroup to be reported here signed informed con sent witnessed by their parents, spouses, or legal guard ians to participate in three-dimensional measurements of cerebral perfusion utilizing xenon contrast CT scanning. All had received emergency neurosurgical treatment for their acute head injuries at major hospitals in the vicinity of Houston, TX, U.S.A. The majority were admitted to the hospital directly from the site of injury by helicopter Life Flight Services. After neurosurgical treatment was completed, patients received in-patient rehabilitation for 2-12 months. When rehabilitation was completed, all were referred by the Texas Head Injury Foundation to this laboratory for medical treatment on an outpatient basis as part of a prospective research protocol.
As summarized in Table 1 , there were 12 males and 3 females. At the time of injury, their ages ranged from 14 to 61 years, with a mean of 27.2 ± 12.6 years. Of the 15 patients, 13 were young adults or adolescents and the 2 remaining were a 48-year-old man and a 61-year-old woman. Thirteen patients suffered from closed head in jury related to motor vehicle accidents and two had open head injuries (one gun shot injury and one propeller injury from a boating accident).
The total group was divided into two subgroups accord ing to their cognitive outcome as determined by serial testing utilizing the Cognitive Capacity Screening Exam ination (CCSE) scores throughout the mean follow-up in terval of 10 years following head injury. Initial CCSE examinations were performed at a mean interval of 11.3 months after injury. Return visits were scheduled at in tervals of 6--12 months for cognitive and neurological test-ing. The CCSE examination has been reported previously by this and other laboratories to correlate well with other neurobehavioral and cognitive test scores including the Wechsler Adult Intelligence Scale and the Mini-Mental Status Questionnaire among normal and demented popu lations and provides a reliable quantitative index of cog nitive performance (Hershey et aI., 1987) . Normal test scores are 27-31. Group I subjects (n = 10; 28.9 ± 14.2 years old) showed improvement toward normal (patients 1 and 7 in Table 1 ) or stabilization of normal cognitive test scores (patients 2-6 and 8--10 in Table 1 ), but Group D subjects (n = 5; 23.8 ± 11.0 years old) showed no cog nitive improvements (patients 11-13 in Table 1 ) or dete riorated (patients 14 and 15 in Table 1 ). Four patients (27%) developed posttraumatic seizures that were con trolled as optimally as possible with anticonvulsant med ications (phenytoin, carbamazepine, or divalproex so dium). Two patients (13.3%) developed low-pressure hydrocephalus and were hospitalized briefly for ventric uloperitoneal shunting. LCBF and LA measurements were made before and after recovery from CSF shunting procedures. Patients with intracranial infections compli cating brain trauma were excluded.
LCBF and LA measurements were made up by the xe non-enhanced CT CBF method with a mean follow-up interval of 6.3 ± 2.6 years after injury for Group I and 7.2 ± 1.7 years after head injury for Group D. Mean CCSE test scores at the time of LCBF measurements were 26.9 ± 3.7 for Group I and 17.8 ± 8.3 for Group D (p < 0.01). For normative comparisons, LCBF and LA measure ments were conducted in a similar manner among 20 age matched volunteers (39.4 ± 11.7 years old; 8 males and 12 females) without history of head injury who were neuro logically and psychologically normal.
CBF measurements
LCBF and LA values were determined by the stable xenon CT method, as previously reported (Imai et aI., 1988; Meyer et aI., 1988) . LA or partition coefficients are the ratios for solubilities of xenon gas between the local cerebral tissue volume of interest and circulating blood. LA values were determined and utilized for computing LCBF measurements by Kety' s single-compartment model, but they are also utilized as an indicator of local tissue integrity since xenon gas is lipid soluble and alter ations of gray or white matter lipid content by gliosis lower LA values (Veall and Mallet, 1965; Radue and Ken dall, 1978; Tachibana et aI. , 1984 a,b; Imai et aI. , 1988) .
Before CBF measurements were made, patients and volunteers fasted for 4-6 h. They reclined at rest on the CT table while inhaling 100% oxygen gas for 2 min prior to inhalation of a mixture of 27% xenon gas in oxygen. Two control noncontrasted CT images of the brain were obtained utilizing one of two high-resolution, rapid CT scanners available [either the Somatom DR Version H (Siemens Medical Systems, Iselin, NJ, U. S. A. ) or the Picker Synerview SX 1200 (Picker International, Cleve land, OH, U. S. A.)]. CT scanning parameters were 96 kVp, 540 mAs, 8-mm slice thickness, and 5-s scanning times for the Siemens Somatom DR-H and 130 kVp, 140 mAs, 10 mm, and 2 s for the Picker Synerview for the serial CT scans. Two slices were selected for the CT CBF measurements at 5 and 15 mm above the orbitomeatal line and the levels were finetuned so that the slices were com parable for anatomical structures imaged from patient to patient. These two CT levels included frontal, temporal, parietal, and occipital cortex, underlying white matter in the centrum semiovale and internal capsule, as well as the caudate nucleus, putamen, and thalamus. Inhalation of 27% xenon gas in 60% oxygen as the contrast indicator was carried out for 8 min utilizing a rapid xenon gas de livery system (Enhancer 3000; Diversified Diagnostic Products, Houston, TX, U. S. A. ).
End-tidal partial pressures for carbon dioxide and xe non gas were recorded on a polygraph. Seven serial CT scans were obtained at I-min intervals between the sec ond and eighth minutes of inhalation of xenon gas so that temporal build-ups of indicator in different brain tissues could be measured.
Cross-sectional maps of LCBF and partition coeffi cients were superimposed on the CT images by the use of a desktop computer (PC-9800; NEC Corp. , Tokyo, Ja pan) programmed to compute saturation curves from two nonenhanced control scans measured as baseline plus seven postenhancement scans, utilizing end-tidal xenon saturation curves as the arterial curve to correct for re circulation, according to Kety's formula. CT images (512 x 512 pixels) were compressed to 128 x 128 pixels before calculating LCBF and partition coefficients utilizing pre and postcalculation smoothing (3 x 3). Since CT slices are 8 mm for the Siemens and 10 mm for the Picker, each voxel imaged for LCBF and local partition coefficient values represents volumes of 26.5 mm3 (1.82 x 1. 82 x 8 mm) of brain tissue for the Siemens and 32. 4 mm3 for the Picker. By identifying specific anatomic locations on the plain CT images with a cursor, LCBF and partition coef ficient values from II representative regions for each hemisphere (total of 20 regions including frontal, tem poral, parietal, and occipital cortex, caudate nucleus, putamen, thalamus, frontal, parietal, and occipital white matter, and internal capsule) were automatically com puted.
EEGs were monitored throughout the CBF measure ments. All patients signed informed consent prior to CBF measurements according to a protocol approved annually by the Institutional Review Board of the Department of Veterans Affairs Medical Center (Houston). All data are presented as means ± SD. Statistical analyses were per-J Cereb Blood Flow Metab. Vol. 11. No.5. 1991 formed according to Student's t test unless otherwise stated. Table 2 compares pooled mean LCBF values measured among normal volunteers with both groups of head-injured patients (Groups I and D). Multiple comparison among these three groups re vealed significant differences between groups, and results are displayed in Figs. I and 2. Figure 1 dis plays mean LCBF values for cortical gray, subcor tical gray, and white matter between normals and the two groups of patients with head injury. Mean cortical gray matter CBF values for both head injured groups are reduced as compared with age matched normal volunteers (p < 0.01). Mean basal ganglia subcortical gray matter flow values are also decreased among the group that cognitively deteri orated compared with normals (p < 0.01). Like wise, mean white matter flow values are also de creased in Group D compared with normals (p < 0.05). For the group that cognitively improved, white matter CBF values remain within normal lim its. Figure 2 compares LCBF values for each of 11 representative cerebral regions between normals and those head-injured patients that cognitively im proved versus those that deteriorated. Cortical LCBF values are significantly decreased in frontal (p < 0.01) and temporal (p < 0.05) regions among Between-group comparisons of LA values Table 3 shows results of multiple comparisons of LA values between normals and the two groups of patients with head injury. LA values are reduced in frontotemporal cortex for both groups, but are re duced in the thalamus only in the group that cogni tively deteriorated (p < 0.05). Mean LA values for white matter are significantly reduced in both groups (p < 0.01), but there are significantly greater decreases in the group that cognitively deteriorated (p < 0.05). Figure 3 displays between-group differ- Figure 4 displays between-group comparisons for LA values measured in 11 representative cerebral regions. LA values are reduced in frontal cortex (Group I, 0.84 ± 0.20; Group D, 0.83 ± 0.18; p < 0.05), temporal cortex (Group I, 0.95 ± 0.13, p < 0.05; Group D, 0.89 ± 0.16, P < 0.05), and white matter (p < 0.01) for both groups. However, reduc tions of LA values in white matter are greater in Group D than in Group I (p < 0.05). Among the group that cognitively deteriorated, LA values for subcortical gray matter are reduced only in the thal amus (1.04 ± 0.15, P < 0.05) .
RESULTS
Between-group comparisons of LCBF values
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Illustrative cases
Figures 5-7 display illustrative color-coded LCBF and LA maps comparing an age-matched nor mal volunteer with a patient with head injury that cognitively improved and a second patient with head injury that cognitively deteriorated. Figure 5 illustrates CT CBF measurements at the level of the basal ganglia recorded in a 27-year-old male volun teer who is cognitively and neurologically normal. Figure 6 displays LCBF and LA values at the level of the basal ganglia recorded from a 27-year-old woman who sustained severe brain trauma resulting from a head-on automobile collision when she was 18 years of age. She was thrown head first through the windshield and remained in coma for 3 weeks. Thereafter, there was gradual but progressive cog- nitive improvements to normal. CT scans made im mediately after the injury showed small ventricles without intracranial hematoma or skull fracture. Her initial Glascow Coma Scale score was 6. For 5 years after the head injury, cognitive performance was severely impaired (CCSE 21-25) but thereafter gradually improved to normal (CCSE 29). Her CCSE test score at the time of the CT CBF mea surement 7 years after injury was 29 (normal); de spite this, her LCBF values are reduced in the cor tex of both frontal and temporal lobes, but subcor tical gray and white matter flow values are relatively well preserved. LA. values are reduced in the cortex and white matter of both frontal and tem poral lobes. Figure 7 displays LCBF and LA. maps of the brain recorded from a 48-year-old man who suffered se vere head injury 5 years earlier when his automobile was struck by a train. There were skull fractures with extensive subarachnoid hemorrhage over the left hemisphere and right frontal lobe. His initial Glasgow Coma Scale score was 7. Intracranial pres sure was increased to 15 mm Hg for the first 5 days after injury but then remained stable and decreased. Brainstem evoked responses were abnormal and later CT scans showed contusion of the right tem poral lobe. He remained in coma for 1 month with progressive hydrocephalus. Ventriculoperitoneal shunting of spinal fluid was carried out and he grad ually recovered with left spastic hemiparetic gait and bilateral cerebellar incoordination. Over the next 5 years, he gradually became able to resume the activities of daily living but required almost con stant supervision because of persistent behavioral and cognitive impairments. These behavioral and cognitive impairments prevented him from gainful employment or independent living. His cognitive testing remains impaired. At the time of the CT CBF measurements, his CCSE score was 24. LCBF values are reduced in the cortex of both frontal and temporal lobes, putamen, and thalamus. Mean val- ues for subcortical gray and white matter CBF are reduced and L� values are reduced in the cortex of both frontotemporal regions and throughout the white matter of both hemispheres.
DISCUSSION
The present study correlates longitudinal mea surements of cognitive outcome with LCBF values measured among two groups of patients that either improved or deteriorated up to 10 years after severe head injury. Information is extremely limited con cerning long-term effects of disabling head injury on cerebral perfusion and cognitive performance (Bar clay et aI., 1985) , although reports are more plenti ful concerning CBF changes in the acute phases of head injury (Brodersen and Jorgensen, 1974; Lang fitt et aI., 1977; Obrist et aI., 1979) .
During the last 10 years, tomographic methods including single-photon emission CT, (SPECT), positron emission tomography (PET), and stable xenon CT (CT CBF) have made possible three dimensional measurements of LCBF in deep brain structures for the first time (Lassen, 1981) . A unique advantage of CT -CBF methodology is that L� values are also measured, rendering LCBF val ues more accurate (Hata et aI., 1987; Meyer et aI., 1980a) . In addition, L� values may be altered by aging and disease (Meyer et aI., 1980b (Meyer et aI., , 1985 Ta chibana et aI., 1984a Ta chibana et aI., ,b, 1985 Hata et aI., 1987; Kobari et aI., 1990) as occurs during normal aging and by cerebral infarction, brain tumor, alcoholic encephalopathies, and transudation of fluid into the white matter among patients with low-pressure hy drocephalus.
The present study of patients with chronic head injury, utilizing three-dimensional analysis of L� values and LCBF, revealed less severe reductions of LCBF and LA values in frontotemporal cortex in those patients who cognitively improved compared with those that deteriorated. The importance of the frontal lobe in cognitive and behavioral perfor mance is well known. During cognitive testing, for example, regional CBF of the frontal cortex in creases, especially when the tasks involve vigi lance, directed attention, and decision making (Pro hovnik et aI., 1980; Deutsch, 1983) . Frontal blood flow increases with virtually all tests of cognitive LCBF values are reduced in the cortex of both frontal (28 ml 100 g brain-1 min-i) and temporal (30 ml 100 g brain-1 min-i) lobes , putamen (31 ml 100 g brain-1 min-i) , and thalamus (42 ml 100 g brain-1 min-i) compared with normative val ues and with the group of pa tients who showed cognitive im provements . Mean values for subcortical gray matter and white matter flow are also re duced . LA values are reduced in the cortex of both frontal and temporal lobes and are diffusely reduced throughout the white matter. End-tidal Pco2 and blood pressure during examina tion were 42 and 126/84 mm Hg , respectively . old woman with cognitive re covery to normal after severe head injury . LCBF values are re duced in the cortex of both frontal (30 ml 100 g brain -1 min-i) and temporal (23 ml100 g brain-1 min-i) lobes com pared with normal values of 53 and 49 , ml 1009-1 min-1 , re spectively . Subcortical gray and white matter flow values are rel atively well preserved compared with those of the more severely impaired patient illustrated in Fig . 3 . LA values are reduced in the cortex of both frontal and temporal lobes and white mat ter . End-tidal Pco2 and blood pressure during examination were 44 and 130/ 70 mm Hg , re spectively .
activation and decreases linearly with drowsiness and impairments of consciousness (Townsend et aI., 1973) . In patients with vascular dementia, se verity of cognitive impairments has been correlated with reductions of LCBF in the frontotemporal cor tex and thalamus (Kitagawa et aI., 1984; Tachibana et aI., 1984a) . In stroke patients, reduced LA values are attributed to gliosis following cerebral ischemia and infarction (Tachibana et aI., 1984a) . Similar re duced LCBF and LA values in frontotemporal cor tex, measured in patients with cerebral contusion in the present study, likewise correlate with impaired cognitive performance tested at the time of the LCBF measurements.
Neuropathological changes secondary to head in jury are well established (Adams, 1975; Stritch, 1976 ) and reductions of LCBF and LA values in both frontotemporal regions observed in both groups of head-injured patients is consonant with neuronal atrophy, gliosis, and infarction regularly detectable by microscopy in those locations.
The present study also indicates that other impor tant factors influencing cognitive recovery include the functional status of the thalamus and white mat ter since the most striking differences characteriz ing patients who cognitively deteriorated were de creases of LCBF and LA values in those regions.
There is a growing body of evidence (Girault et aI., 1985; Baron et aI., 1986; Pappata et aI., 1990) that damage to the thalamus and/or thalamocortical projection systems results in disconnection syn dromes with cortical hypometabolism and neuro psychological impairments including amnesia, de creased attention, behavioral abnormalities, and de mentia (Bogousslavsky et aI., 1988) .
Xenon gas is extremely lipid soluble, so that de creases in the lipid composition of cerebral tissues result in measurable reductions of LA values due to decreases in tissue xenon solubility (Radue and Kendall, 1978) . Pathological changes reported in white matter following head injury include infarc tion, ischemia, and gliosis, often accompanied by hemosiderin deposits (Adams, 1975; Stritch, 1976; Rosenblum, 1989) . White matter injury of this type may be expected to result in disconnection syn dromes by interrupting projections between the cor tex and basal ganglia. In the present series of head injured patients, more severe and persistent cogni tive impairments were associated with maximal reductions of LCBF and LA values in white matter compared with those patients that recovered. Xe non-enhanced CT CBF imaging of LCBF and LA values has a unique advantage because results are superimposed directly on each CT slice, making possible detailed correlation with structural changes. According to the Kety equation, LCBF values are the product of LA values and local rates of tissue saturation by xenon gas, so that determi nations of LA values are essential for accurate LCBF measurements in diseased states.
In conclusion, associations between decreased perfusions in putamen, thalamus, and subcortical white matter with impaired cognition have been demonstrated. Although relationships between them are not necessarily causal, restoration of func tional integrity to thalamus, subcortical white mat-ter, and thalamocortical projection systems appears to be important for cognitive recovery and may con tinue for up to 10 years after brain trauma.
